Polycyclic aromatic hydrocarbons (PAHs) are a group of priority pollutants, which are classified as persistent hazardous contaminants. Herein, the adsorption of three PAHs, naphthalene (NAP), acenaphthylene (ACN), and phenanthrene (PHN), from wastewater onto NH 2 -SBA-15 organicinorganic nanohybrid material as a function of pH of the media (2-10), sorbent dosage (0.5-3.5 g L À1 ),
INTRODUCTION
activated carbon (Augulyte et al. ) , zeolites (Lemić et al. 2007 ), carbon nanoporous (Anbia & Moradi ) , hydrophobic magnetite (Tang et al. ) , organobentonite (Wu & Zhu ) , and silica-based mesoporous materials (SBMM) (Vidal et al. ) . The SBMM were good candidates for the adsorptive removal of organic pollutants from aqueous solution due to their high surface area, large and uniform pore size, thermal and mechanical stability, tunable pore structure, as well as extraordinarily wide possibilities of functionalization (Shahbazi et al. ) . It has been reported that SBMM can be used as potential adsorbents for various organic pollutants such as lysine, nitrobenzene, pharmaceuticals, and dyes (Chen et al. ) . Despite the increase in application of SBMM in wastewater treatment studies, very limited studies have been carried out regarding the removal of PAHs from synthetic, and especially, real wastewaters. Among SBMM, SBA-15 with (two-dimensional) 2D hexagonal arrangements, highly ordered pore distribution and large pore volume, has been approved as an efficient adsorbent for various large organic pollutants (Kosuge et al. ) . Also, it is possible to alter its surface chemistry by grafting with suitable functional groups (Bui et al. ) .
In this context, the development of functionalized for PAHs' adsorption has generated a considerable amount of interest (Hu et al. ) .
It is well-known that a weak interaction can be established between a rich and a poor electron π system (Wei et al. ) . Such interactions usually result in the formation of a charge transfer complex and can be used in a process for adsorption of aromatic pollutants (Sevignon et al. ) . In this context, in the present study NH 2 group was grafted onto SBA-15 mesoporous silica with the aim of evaluating the feasibility of NH 2 -SBA-15 organic-inorganic nanohybrid material in the elimination of three relevant PAHs (naphthalene (NAP), acenaphthylene (ACN), and phenanthrene (PHN)) from synthetic and real petroleum wastewater in a batch technique. The effects of adsorbent dose, solution pH, PAH concentration, contact time, and temperature were investigated. Entire studies of equilibrium, kinetics, and thermodynamics were also conducted to provide a depth of understanding of the adsorption features of three selected PAHs onto NH 2 -SBA-15 organic-inorganic nanohybrid.
MATERIALS AND METHODS

Chemicals and reagents
Tetraethyl orthosilicate (TEOS, 98%), 3-aminopropyltrimethoxysilane (APS, 98%), dry toluene (99.9%), HCl (37%), methanol, NAP, ACN, and PHN were purchased from Merck. Pluronic P123 (Mw ¼ 5,800 g mol À1 ;
EO 20 -PO 70 EO 20 ) was purchased from Aldrich. All aqueous solutions were prepared using double distilled water. The physicochemical properties of the three studied PAHs are presented in Table 1 . It can be seen that these substances have low solubility in water, which tended to be even lower when the number of aromatic rings was increased.
Hence, in PAH adsorption experiments, there are two vulnerabilities, incomplete dissolution of PAHs in water and loss of PAHs by volatilization, especially during centrifuge.
To overcome these conflicts, PAHs were dissolved in methanol/water solution. In this case, tests were performed on blanks (various methanol/water ratios in the presence of PAHs without adding adsorbent for testing evaporation) to 
Synthesis of NH 2 -SBA-15
The SBA-15 silica was synthesized according to an earlier report (Zhao et al. b) . In a typical synthesis, 4.0 g of P123 was dispersed in 120 g of water and 8.64 g of 2 M
HCl solution at 40 W C while stirring, and this was followed by addition of 8.54 g of TEOS to obtain the homogenous solution. This gel mixture was continuously stirred at 40 W C for 24 h and finally crystallized in a Teflon-lined autoclave at 100 W C for 2 days. After cooling, the solid product was filtered, and template removal was achieved by calcination in air at 600 W C for 6 h and SBA-15 silica was obtained.
The prepared SBA-15 (1.0 g) was suspended in 30 mL of dry toluene, and 4 mL of APS was added under a dry nitrogen atmosphere and then the mixture was refluxed for 10 h.
The solid product was recovered by filtration, washed with dichloromethane and ethanol, and dried in air. Finally, material was extracted with a Soxhlet extractor with a mixture of ethanol and dichloromethane (1:1), in order to remove the silylating reagent residue, and dried at 70 W C under a vacuum overnight (Shahbazi et al. ) .
Characterization
The X-ray diffractions (XRD) were recorded on a Philips 1830 powder X-ray diffractometer, using the Cu-Kα radiation over a range of 0. 
Batch adsorption experiments
Adsorption experiments were conducted in glass Erlen- (1) and (2),
where R% is the removal efficiency of the PAHs and q e adsorption capacity, C 0 the initial concentration, C e the equilibrium (final) concentration, and C t the concentration of the PAHs at t time (mg L À1 ). V is the volume of the solution (mL) and W the mass of the adsorbent (g).
Adsorption modeling
The adsorption feature was completely studied by isotherm, The Langmuir isotherm assumes a surface with homogeneous binding sites, equivalent sorption energies, and no interaction between adsorbed species (Lombardo et al.
).
Its mathematical form is written as:
The favor ability adsorption was checked by using a dimensionless separation parameter R L , according to the following equation:
where q m and b represent the maximum adsorption capacity (mg g À1 ) and the energy constant (L g À1 ) related to the heat of adsorption, respectively. The value of R L indicates the type of the isotherm to be either unfavorable (R L > 1),
The Freundlich isotherm is an empirical equation based on an exponential distribution of adsorption sites and energies (Shahbazi et al. ) . It is represented as
where 
where q m (mg g À1 ) is the maximum adsorption capacity, and constant a (mol À1 ) corresponds to the maximum binding (Equation (7)), pseudo-second-order (Equation (8)), and
Weber-Morris intra-particle diffusion (Equation (9)) kinetic models (Hamoudi & Belkacemi ) log (q e À q t ) ¼ log q e À k 1 2:303 t (7)
where q e and q t are the amounts of PAHs adsorbed (mg g À1 )
at equilibrium at time t (hour), respectively, k 1 (h À1 ) and k 2 (g mg À1 h À1 ) are rate constant of pseudo-first-order and pseudo-second-order kinetic models, respectively. The k f is the intraparticle diffusion rate constant (mg g À1 h À0.5 ) and B (mg g À1 ) a constant that gave an idea about the thickness of the boundary layer in the Weber-Morris constant.
All the nonlinear regression analysis was carried out ), were calculated using
Equations (10) to (12) 
where the values of ΔH and ΔS were obtained from the slope and intercept of ln k d vs. 1/T plots, respectively. T is the temperature in K and R the universal gas constant (8.314
) was calculated by division of q e to C e . The V is the working volume in L and W the adsorbent mass in g.
Recovery experiments
To make the sorbent economically competitive, the prepared , respectively).
The mixture was stirred at 25 W C and pH 5 for 24 hours. After that, in order to recover PAHs from NH 2 -SBA-15, the sorbent was completely separated from the liquid phase and transferred into 50 mL of methanol and stirred for 4 hours.
In each step, the concentration of each studied PAH was measured in liquid phase. The cycles of adsorption-desorption processes were successively conducted five times.
The PAH recovery was calculated by the following equation:
RESULTS AND DISCUSSION
Characterization of adsorbent
The low-angle XRD pattern of SBA-15 and NH 2 -SBA-15 are shown in Figure 1 (a). The two synthesized adsorbents The reason for the higher removal rate at lower pH can be attributed to the formation of NH 3 þ on the surface of NH 2 -SBA-15 and, consequently, increase of electrostatic interaction between surface charges of adsorbent and PAH's charge due to the π-electron-rich character of PHA compounds. However, the maximum PAH removal was achieved at pH 2, but the pH 5 was chosen for further studies because this pH was much closer to real wastewater that pH 2. 
Adsorption isotherms
Study of the adsorption equilibrium isotherms is an important step in investigating adsorption processes, since it can possibly identify the relationship between the amounts of analyte adsorbed and in solution, after equilibrium is reached (Vidal et al. ) . Adsorption of NAP, ACN, and PHN onto NH 2 -SBA-15 were modeled using the Freundlich, Langmuir, and Temkin isotherms (Figure 6 ). The fitness of models was assessed using the correlation coefficient (R 2 ) along with the lowest difference between experimental and predicted maximum sorption capacity (q max ). The parameters of the models are summarized in (Table 2) , the values of n were greater than unity (>2.9) indicating adsorption favorability. In this case, the sorption isotherm 
Adsorption kinetics
The adsorption phenomenon is a manifestation of compli- the data were modeled by the pseudo-first-order, pseudosecond-order, and Weber-Morris (Figures 7 and 8 ). According to Figure 7 and Table 3 , the adsorption of the three studied PAHs followed the pseudo-second-order kinetic model due to its high correlation coefficients compared to pseudo-first-order model. Furthermore, the pseudo-secondorder kinetic model indicated a fairly good agreement between the experimental adsorption capacity (q e, exp ) and the calculated adsorption capacity (q e, cal ) for the three where moving the PAH molecules into the interior nanoporous structure of NH 2 -SBA-15 and pore diffusion was ratelimiting. The final step was due to reach equilibrium condition (Ofomaja ). It was also suggested that the intraparticle diffusion was not the only rate-limiting step because the plot did not pass through the origin. Similar behavior has been reported for various aromatic adsorbates onto porous adsorbents (Hall et al. ) . The intraparticle diffusion rate constant k i was calculated from the slope of the second linear step and is summarized in Table 3 . The values of k i obtained were 0.15, 0.12, and 0.06 for NAP, CAN, and PHN, respectively. The intercept of the plot provides an estimation of the thickness of the boundary layer,
i.e., the larger the intercept value the greater is the boundary layer effect (Oubagaranadin et al. ) . The diffusion rate parameters (k i ) indicated that the intraparticle diffusion controlled the sorption rate, which was the slowest step of the sorption process. In this step of sorption, the value of Table 4 .
Negative values of ΔG indicated spontaneous PAH adsorption and the degree of spontaneity of the adsorption increased with increasing temperature (Table 4) 
Desorption
The stability and regeneration ability of the adsorbent is crucial for its practical application in wastewater treatment 
CONCLUSION
The NH 2 -SBA-15 organic-inorganic nanohybrid was pre- , pH 5, and initial concentration of NAP, ACN, and PHN of 6, 6, and 4 mg L -1 , respectively).
petroleum refinery wastewater showed that NH 2 -SBA-15 has a good efficiency in removal of the aforementioned compounds from liquid phase. In this case, adsorption capacity of 1.67, 1.06, and 0.24 mg g À1 of NAP, ACN, and PHN on NH 2 -SBA-15 was achieved, respectively.
